An assay system was developed to enable cauliflower mosaic virus (CaMV) isolate Cabb B-J! to be acquired by Myzus persicae feeding through membranes on crude extracts and subcellular fractions of infected turnip plants. Optimum transmission of the virus was from solutions containing 200 mM-Tris-HC1 pH 7,6, 100 mM-EGTA and 50 mM-MgCI2. The rates of transmission by single aphids from such extracts were similar to or higher than those of single aphids from injected plants to healthy plants. Similar transmission efficiencies following feeds lasting 1 min, 15 rain or 3 h show that the aphid-virus association is not diminished by long acquisition feeds. Subcellular fractionation showed that transmission was related to the presence of virus particles and aphid transmission factor (ATF) but not to the inclusion body protein. It is suggested that the transmitted agents were virus particles linked to ATF. Although figwort mosaic virus (FMV) was not transmitted by aphids from extracts of infected plants it became aphid-transmissible when the extracts were mixed with similar extracts of plants infected with CaMV-Cabb B-JI, perhaps because CaMV ATF assists in the transmission of FMV.
INTRODUCTION
Aphid transmission of potyviruses and caulimoviruses is dependent on a non-capsid viral protein produced in infected plants . This protein has been described as a helper component (HC) for potyviruses (Harrison & Mutant, 1984) and as the aphid transmission factor (ATF) for caulimoviruses (Lung & Pirone, 1974; Woolston et al., 1963) . Purified particles of viruses in either group are not aphid-transmissible (Pirone & Megahed, 1966; Gorier & Kassanis, 1974 a; . A similar transmission strategy has been suggested for anthriscus yellows and parsnip yellow fleck viruses .
Although potyviruses and caulimoviruses are both transmitted in a non-circulative manner, they differ in that potyviruses are transmitted in a non-persistent manner (Pirone & Harris, 1977) while a semi-persistent relationship exists between cauliflower mosaic virus (CaMV) and several aphid species . The HC and the ATF appear to be specific for each group of viruses (Lung & Pirone, 1974) and HC is, at least to a certain extent, virus-specific within the potyviruses (Sako & Ogata, 1981; Pirone, 1981) .
The HCs of various potyviruses have been purified and their properties have been examined Sako & Ogata, 1981 ; Pirone & Thornbury, 1983; Hiebert et al., 1984; Thornbury et al., 1985) . However, no such study has yet been made of caulimovirus ATF.
CaMV is the best characterized member of the DNA-containing viruses that comprise the caulimovirus group (Shepherd, 1981 ; Hull, 1984) . CaMV DNA has between six and eight open reading frames (ORFs) which could represent viral genes Hohn et al., 1982; . There is evidence that the product of ORF II, an M r 18000 protein (P18), is the virus-encoded ATF (Woolston et al., 1983; Daubert METHODS Virus source and aphid culture. The cloned isolates of CaMV used were Cabb B-JI (AT +) described by Hull & Howell (1978) , and CM4-184 (AT-) (Lung & Pirone, 1973) , which has a deletion of 421 bp in ORF II (Howarth et al., 1981) . Both isolates were grown and tested in turnips, Brassica rapa L. cv. Just Right. An infectious clone of FMV, pFM5 , was excised from the plasmid vector, inoculated to, and propagated in Datura stramonium.
A clone of Myzus persicae (Sulz) , obtained in 1985 from Dr A. Cockbain (Rothamsted Experimental Station, Harpenden, U.K.), was maintained on turnips or D. stramonium.
In vivo aphid transmission tests. Small groups or individual aphids were manipulated with a fine brush and large groups were transferred from colonies by gently tapping the leaf and collecting the aphids in a Petri dish. Starved (for 1 to 3 h) apterous aphids were fed on young infected turnip leaves taken from plants aphid-inoculated with CaMV 3 weeks previously . Leaves 3, 4 and 5 (numbering from outside to inside of the whorl) were chosen as they had distinctive symptoms and, as shown by , contained different concentrations of viral DNA and various virus-coded proteins. Symptoms were in leaf 3, a combination of chlorotic lesions and mild vein clearing, in leaf 4, mild vein clearing and, in leaf 5, severe vein clearing. Following an access period, aphids were gently disturbed, transferred individually to test seedlings and allowed to feed overnight at 22 °C. Test plants were thenfumigated with nicotine and transferred to a glasshouse at approximately 22 °C with supplementary lighting to give a daylength of 16 h. The glasshouse was fumigated once each week with nicotine and the plants were checked regularly for symptoms for up to 4 weeks after inoculation.
In vitro membrane feeding. Aphids in blackened Petri dishes at 22 °C were allowed to feed for 30 min through Parafilm M membranes stretched over a hole 35 mm in diameter cut in the lid; they were attracted to the membrane by diffuse overhead light. A coverslip was put on top of the solution and a watch glass covered the feeding area to contain any aphids that might have escaped if breaks appeared in the Parafilm.
Preparation of feeding solutions. Leaves were infiltrated under vacuum with various extraction solutions. After grinding the tissue with a pestle and mortar using carborundum (180 grit) in the required solution (usually 0.1 g leaf/ml solution), the extract was squeezed through two layers of muslin and, prior to feeding, was adjusted to a final sucrose concentration of 20~.
Fractionation of leaf extracts. Plant extracts, prepared at 4 °C with the standard extraction solution, were filtered through muslin and centrifuged at 10000g for 10 min at 4 °C. The pellet was resuspended in the original volume of extraction solution (low speed pellet) and the supernatant fraction was centrifuged at 243 000 g for 3 h. The pellet (high speed pellet) was resuspended in the original volume of extraction solution and the supernatant fraction was retained (high speed supernatant).
Analysis o f fractions. Each fraction was tested for the presence of viral DNA by dot blot hybridization (Maule et al., 1983 ) using pCa24 labelled with 32p by nick translation (Rigby et al., 1977) as a probe.
The rates of aphid transmission of CaMV from the fractions were determined by membrane feeding. Fractions were also examined for the presence of various gene products by immunoblotting . For this purpose the samples were concentrated 10-fold by precipitation with 40~ ammonium sulphate, denatured in 2~ o SDS, 10 ~o glycerol, 5 ~ 2-mercaptoethanol, 46 mM-Tris-HC1 pH 6-8 and 0-01 ~ bromophenol blue at 100 °C for 5 rain, and electrophoresed in 12-5 ~ (w/v) polyacrylamide-SDS slab gels (Laemmli, 1970) at 50 V for 18 h at room temperature.
Electrophoretic transfer of proteins from polyacrylamide gels to nitrocellulose (Schleicher & Schuell) was essentially as described by Berna et al. (1985) . The filters were stored at 4 °C until probed with primary antiserum.
The immunogen for the antiserum against the product of gene IV was prepared from CaMV-Cabb B-JI virus particles purified using CsCI gradients, and that for the antiserum to the gene VI protein was the protein product of a lacZ/gene VI fusion . Two antisera against PI8 were used: one was raised to the gelpurified product of ORF II (Harker et al., 1987 b) and was kindly provided by C. J. Woolston; the other was raised to a carboxy-terminal synthetic peptide (amino acid numbers 129 to 141 -KIEPEPLTKEEVK-) of P18, a sequence found in P18 of both CaMV and CERV (Hull et al., 1986) . This oligopeptide was synthesized by N.
Huskisson and P. Barker at the Institute for Animal Physiology, Babraham, Cambridge, U.K. and linked to a purified protein derivative of tuberculin (Lachmann et al., 1986) ; antibodies to this were raised in rabbits. The immunoreactions were detected using goat anti-rabbit lgG conjugated with alkaline phosphatase (Sigma), and nitroblue tetrazolium as the chromogenic agent.
RESULTS

Membrane feeding acquisition tests
Sap extracted from infected turnip leaves in the absence of buffer had a pH of approximately 5.5. Very few transmissions (four/100 plants) were achieved at this pH, even when groups of 10 aphids per plant were used. In the experiments described below, single aphids were used. Two different concentrations (100 and 200 mM) of Tris-HC1 pH 7.6 were tested but only the higher one buffered the sap effectively with 0-1 g tissue/ml solution. When extracts were made in 200 mM-Tris-HC1 pH 7-6 alone, the rate of aphid transmission of the virus was low (Table 1 ). Seven antioxidants were tested at concentrations of 50 raM, but only sodium sulphite marginally improved aphid transmissibility (Table 1) . Addition of other reagents to the above buffer showed that Mg 2÷ and the chelating agents E D T A and E G T A improved transmission rates markedly at this pH (Table 1 ). The concentrations of the chelating agents and MgC12 were optimized; each stimulated transmission most at 100 mM (Fig. 1) . The chelators had a greater effect on the efficiency of transmission than did MgC12, and EGTA was more effective than EDTA. Above the optimum of 100 mM-MgC12 the efficiency of transmission decreased and at 200 mM was completely inhibited. EDTA at 400 mM was also completely inhibitory but high concentrations of EGTA were less so. To study any possible combined effect of EGTA and MgC12, 180 turnip plants (30 per treatment) were inoculated using individual aphids that had previously fed on extracts of CaMV-mfected plants prepared in 100 mM-EGTA and six different concentrations of MgCI: (0 to 100 mM). A similar efficiency of transmission was observed (around 50~o) for all treatments. Thus no synergistic effect on the aphid transmissibility was obtained when these two agents were used together. In tests using 15 plants per treatment, the optimum pH of the extraction solution (200 mMTris-HC1 and 100 mM-EGTA) was around 7.8 (Fig. 2) . The standard extraction solution used in subsequent experiments contained 200 mM-Tris-HC1, 100 mM-EGTA, 50 mu-MgC12, pH 7.6. Under these standard conditions, and using single aphids to inoculate each plant, aphids fed in vitro (in a large number of experiments) were as efficient (47 to 80 % of plants became infected) as aphids fed on infected plants (38 to 72%).
The effect of temperature on the stability of the ATF was studied by grinding the tissue at room temperature in the standard extraction solution and keeping the extract at -20 °C, 4 °C or 22 °C. The extract was presented to the aphids immediately after preparing the extracts (0 h) or 3, 6, 24 or 30 h later. The efficiency of transmission remained 100% for extracts stored up to 24 h at -20 °C and 4 °C, but those stored at 22 °C lost activity after storage for between 6 and 24 h (Table 2 ). In a second experiment using individual aphids the ATF activity was stable at 4 °C for 30 h but decreased during further storage for 18 h ( Table 2) .
Efficiency of transmission from leaves with different symptoms
In three experiments in which individual aphids from groups fed on leaves showing the three types of symptoms described in Methods were assayed, there were no significant differences in transmission rates between different symptom types, and transmissions after acquisition for 1 min, 15 min or 3 h showed that efficiency was not adversely affected by prolonged feeding (Fig.  3) . However, a 15 min acquisition period on leaves with severe vein clearing consistently produced the least variable results and was chosen for all other tests. Leaves showing the three types of symptom were also ground using the standard extraction solution and the extracts were tested to see which was the best source of the virus in vitro. In two experiments, 40 turnip plants per treatment were inoculated using one aphid per plant after an acquisition time of 15 min (Fig.  3) , and in both experiments, in which extracts of the three symptom types were tested concurrently, the highest transmission rates were from leaves showing severe vein clearing. However, when data were averaged over the experiments, these differences became less significant due to variation between experiments. Leaf 5 was used as the source of the virus in subsequent experiments. A. M. ESPINOZA AND OTHERS * Unfractionated or centrifuged for 10 min at 10000 g (low speed) or for 3 h at 243000 g (high speed). 1" Assessed by dot blot hybridization. Assessed by immunoblotting (see Fig. 4 ). Intensity of stain is indicated by the number of crosses. § In vitro acquisition of the virus by M. persicae through membranes. Plants were inoculated using single aphids. II Purified following the procedure described by Hull et al. (1976) and resuspended in the standard extraction solution (20 Ixg/ml).
Transmission of figwort mosaic virus
Aphids fed on extracts of FMV-infected D. stramonium in the standard extraction solution were caged in groups of 10 to 15 on test plants. FMV was not transmitted from these extracts or from those made using MgCI2 (concentrations ranging from 0 to 100 m~). However, aphids transmitted FMV from an extract of FMV-infected plants ground together with plants infected with CaMV-Cabb B-JI (AT + isolate); no FMV transmission occurred from mixed extracts of FMV-infected plants and plants infected by CaMV CM4-184 (AT-isolate) ( Table 3) . Table 4 shows a summary of data on the fractionation of a crude extract from CaMV-Cabb B-JI-infected tissue and the analysis of the fractions for the presence of viral DNA, different gene products and the in vitro acquisition of CaMV by M. persicae. Most of the inclusion body protein (product of gene VI) was found associated with the low speed pellet (Fig. 4c, lane 3) as reported earlier (A1 Aniet al., Odell & Howell, 1980; ) but a significant proportion of the virus particles and P 18 remained in the low speed supernatant fraction (Fig. 4a  and b, lanes 2) . This fraction was a good source for transmission of CaMV and only small amounts of inclusion body protein were detected in it. The low speed pellet fraction also contained some Virus coat protein but little or no P 18. As it contained little viral DNA (Table 4) it is likely that the coat protein in this fraction was not fully associated into virus particles. High speed centrifugation removed virus particles and most of the P18 from the supernatant fraction (high speed supernatant) (Fig. 4a and b, lanes 4) , suggesting that some P18 was not associated with the particles; aphids failed to transmit virus from this fraction. Addition of purified virus to the high speed supernatant fraction did not restore aphid transmission. The high speed pellet, which contained virus particles and P18 ( Fig. 4a and b, lanes 5) was aphid-transmissible. The conditions used in the conventional purification procedure for CaMV (Hull et aL, 1976) would be likely to disrupt the interaction between P18 and virus particles, resulting in purified CaMV not being aphid-transmissible (Table 4 ). The analysis of various fractions by D N A hybridization confirmed that viral D N A was associated mainly with the low speed supernatant and high speed pellet (Table 4 ). There was no CaMV D N A in the high speed supernatant and no infections were obtained when this fraction was inoculated mechanically to turnips. The distribution of P18 in the low speed supernatant and pellet was studied in extracts prepared in the presence of 100 mM-EGTA or 100 mM-MgC12 or in the absence of either (Fig. 5) . Most of the P18 was found in the supernatant when E G T A was present while, in its absence, P18 was mainly associated with the inclusion bodies.
Fractionation of leaf extracts
DISCUSSION
The use of an appropriate buffer to prepare extracts of CaMV-infected leaves permits transmission by M. persicae at rates similar to those of single aphids from plant to plant. The solution which preserved aphid transmissibility in leaf extracts of CaMV-infected plants showed many features in common with that used to preserve the helper component activity of potyviruses. The extraction solution used by had a higher pH of 8.8, but this was decreased to pH 6.5 by plant sap. The buffer (200 mM-Tris-HC1 pH 7-6) used in our system maintained the pH near 7-6, provided the ratio of weight of tissue to volume of extraction solution was 1/10 of that used in work with some potyviruses . It proved essential to maintain the pH near or above neutrality for efficient transmission. In addition to the pH requirement, successful transmission of CaMV was also dependent on the concentration of EGTA or EDTA in the extract. A similar result was observed for the potyviruses using EDTA . The presence of MgCI2 also maintained transmission activity in both systems.
EGTA at around pH 7.0 complexes some polyvalent cations (e.g. Ca 2÷) much more efficiently than Mg 2+ (Marhol & Cheng, 1970) . Chelation by EDTA at this pH does not differentiate between Mg 2+ and other divalent cations (Marhol & Cheng, 1970) . The greater efficiency of transmission from extracts containing EGTA than from those containing EDTA could be the result of the selective complexing of polyvalent metal ions, leaving Mg 2+ available in the medium. In order to ensure that Mg 2+ was present throughout the fractionation procedure it was routinely included in the extraction solution. Even though diethyldithiocarbamate (DIECA) can chelate some divalent cations (Martell, 1964) it had no effect on the efficiency of transmission of CaMV; however, previously it has been shown to preserve the activity of the HC of potyviruses .
The fractionation of extracts showed that there was a correlation between transmissibility and the presence of virus particles and P18. Thus, it appears that in our system P18 interacts with virus particles and the inclusion body protein is not involved in the transmission complex.
Following extraction in the presence of EGTA, a significant proportion of the virus particles and P18 were not associated with the inclusion bodies (and were highly transmissible). It is likely that the use of chelating agents released the virus and P 18 from the inclusion bodies since in their absence virus, PI8 and inclusion bodies all cofractionated (Rodriguez et al., 1987) . This observation suggests that EGTA and MgCI2 have different roles in promoting aphid transmissibility. The mechanism of action of MgCI2 is not clear. The cosedimentation of P18 with the viru s suggests that the ATF is linked in some way to the particles, and the possibility that this is mediated by Mg 2+ is being examined.
The observation on the in vitro transmission of FMV would suggest that at least some CaMV ATF must be free and available to associate with FMV particles. On the other hand the inability to obtain transmission of purified CaMV by the addition of the high speed supernatant fraction which contains ATF could be taken as arguing against the association of particles and ATF in vitro. However, there are several possible explanations for the lack of transmission in the latter experiments. This could be due to: (i) low concentration of P 18 in this fraction; (ii) forms of free P18 different from that associated with virus particles; (iii) the degradation of the virus coat protein during purification removing sites with which P 18 associates. Experiments to examine this question are under way.
Possible hypotheses which could explain the importance of the divalent cations in keeping the HC activity in potyvirus extracts and the ATF in caulimovirus extracts are as follows. (i) There may be protection of virus and/or ATF from degradation; suggested that in the plant extract the HC of the potyviruses has to be protected from enzymes that depend on the presence of divalent cations for activity. CaMV particles prepared using the extraction solution were less affected by proteolysis than those prepared by the standard procedure of Hull et al. (1976) (data not shown). (ii) They may protect the ATF/virus/aphid interaction. (iii) As suggested above, the release of particles and the ATF from the inclusion bodies may be promoted. A combination of two or more of the above possibilities is conceivable. Further separation and purification of the components of the system should lead to an understanding of the factors which control the formation of the virus-P 18 complexes and to the elucidation of the transmission mechanism.
This paper concentrates on the virus-P 18 complex and its biological activity in vitro; however, the part of the plant from which the aphid acquires this complex and the interaction of the complex with the aphid are equally important considerations. The plant-to-plant transmission data given here show that the complex is readily available in leaves showing different symptoms, and the ability to maintain efficient transmission after prolonged feeds up to 3 h implies that the virus is interacting with the vector in a specific manner and in a different manner to the potyviruses which are transmitted most efficiently after very short feeds of less than 1 min. The similarity of transmission efficiency following acquisition in vivo and in vitro strongly suggests that the virus-P18 complex is freely available within the plant cells. These data complement those already published on the acquisition and transmission of CaMV by M. persicae . However, from these results we can not determine whether the prolonged feeds were due to acquisition of the complex from mesophyll cells or phloem sap.
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